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Objective: To provide a comprehensive immunohistochemical (IHC) map of the temporal expression and
tissue distribution of interleukin-1b (IL-1b) through progression of osteoarthritis (OA) in two strains of
guinea pigs with varying propensity for spontaneous knee joint disease.
Methods: OA-prone Hartley and OA-resistant Strain 13 guinea pigs were collected at 60, 120, 180, 240,
360, and 480 days of age (N¼ 4 animals per strain per date). IHC was performed on whole joint prep-
arations; the distribution of IL-1b expression on coronal sections was mapped, semi-quantitatively
scored, and correlated to OA grade using Mankin criteria with guinea pig-speciﬁc modiﬁcations. OA and
IHC indices were compared among times and between strains using the KruskaleWallis one-way
analysis of variance by ranks followed by Dunn’s post test.
Results: OA indices for both strains increased from 60 to 480 days of age; a statistically higher score
(P 0.01) was found in Hartley animals at 180, 240, 360, and 480 days. At 60 days of age, IL-1b expression
was detected in cartilage, menisci, synovium, and subchondral bone in both strains. Persistent and
statistically increased (P< 0.05) IL-1b expression was found in these same tissues in Hartley animals at
120 and 180 days, while Strain 13 animals demonstrated a signiﬁcant reduction in positive immuno-
staining. Statistical differences in IHC indices between strains beyond 240 days of age were restricted to
synovium (days 240 and 480) and subchondral bone (days 360 and 480).
Conclusions: As expected, histologic OA proceeded in an accelerated manner in Hartley animals relative to
Strain 13 animals. The OA-prone strain did not demonstrate reduced IL-1b expression during adult
maturity as occurred in the OA-resistant strain, and this persistent expression may have corresponded to
early incidence of OA. Future interventional studies are warranted to explore whether dysregulation of
IL-1b expression may contribute to premature onset of spontaneous disease in the Hartley guinea pig.
 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Interleukin-1b (IL-1b), a key regulator of innate host immune
responses, is repeatedly cited as one of the most prominent cyto-
kines involved in osteoarthritis (OA)-related joint degeneration1. It
has been well-established in cell culture that IL-1b inhibits the
production of type II collagen and aggrecan and potently induces
chondrocyte-mediated degradation of extracellular matrix compo-
nents by stimulating production of matrix metalloproteinases2,3. In
addition, by promoting prostaglandin- and nitrous oxide-mediatedlicia Bertone, Department of
t, The Ohio State University,
-3526.
ertone).
s Research Society International. Ppathways in joint tissue, IL-1b is recognized as a global mediator of
inﬂammation and pain in joints affected by OA4.
The beneﬁts of an IL-1b competitive antagonist, IL-1 receptor
antagonist protein (IL-1Ra), in animal models of surgically-induced
OA supports the role of IL-1b in OA pathogenesis4e6. A local
increase in exogenous IL-1Ra in OA joints by administration of
recombinant human (rh)IL-1Ra protein7, intra-articular injection of
rhIL-1Ra transduced cells8, or adenoviral delivery of IL-1Ra using in
vivo and ex vivo techniques9,10 has been shown to reduce the
progression of experimentally created lesions.
While these studies provide strong evidence that IL-1b is
implicit for the onset and development of secondary OA, ambiguity
to its ultimate role in primary disease was initially provided by the
ﬁnding that IL-1b knock-out mice showed accelerated develop-
ment of OA lesions in surgically and non-surgically altered knees11.ublished by Elsevier Ltd. All rights reserved.
Table IB
Semi-quantitative histologic grading scheme for knee joints of the guinea pig24,25
Grade Descriptions
Articular cartilage
structure
0 Normal, smooth uninterrupted
1 Mild surface irregularities, no clefts
2 Irregular surface, 1e3 superﬁcial clefts
3 >Three clefts and/or loss of cartilage
to superﬁcial zone
4 1e3 clefts extending into middle zone
5 >Three clefts and/or loss of cartilage
into middle zone
6 1e3 clefts extending into deep zone
7 >Three clefts extending into calciﬁed
cartilage zone
8 Clefts extending to calciﬁed cartilage zone
Toluidine blue staining 0 Uniform staining
1 Loss of staining in superﬁcial zone
for <half the length of the plateau
2 Loss of staining in superﬁcial zone
for >half the length of the plateau
3 Loss of staining in superﬁcial þ middle
zone for <half the length of the plateau
4 Loss of staining in superﬁcial þ middle
zone for >half the length of the plateau
5 Loss of staining in all three zones
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knee OA in people found no statistical improvement over placebo at
1 month12 and trials with diacerein, a compound that inhibits IL-1b
production from synovium and cartilage13, did not show clinical,
radiographic, or structure-modifying effects as expected14e16. Thus,
the molecular interactions to explain the relationship between IL-
1b and maintenance of healthy articular cartilage have been
proposed but are not yet deﬁnitively established17, and character-
ization of the function of IL-1b in a spontaneous, in vivo model
remains elusive11,18.
Reports exist on the presence of the IL-1b transcript19 and
protein20,21 in OA, but these are generally reported in control vs end-
stage OA cartilage, synovium, or synovial ﬂuid22 and lack documen-
tation of IL-1b expression relative to the development of OA lesions.
The aim of this study was to provide a comprehensive analysis of the
temporal expression and tissue distribution of IL-1b using immuno-
histochemistry (IHC) throughout initiation and progression of OA in
a naturally-occurring animalmodel. By providing direct comparisons
between two guinea pig strains with varying propensity for the
disease, this work provides a foundation upon which mechanistic
data regarding the contribution of IL-1b to spontaneous and prema-
ture OA can be hypothesized and substantiated.<half the length of the plateau
6 Loss of staining in all three zones
>half the length of the plateauMaterials & methods
This study was carried out in accordance with the Guide for the
Care and Use of Laboratory Animals of the National Institutes of
Health. All protocols were approved by the Institutional Laboratory
Animal Care and Use Committee at The Ohio State University. Male
Hartley guinea pigs (24 animals total) were obtained from Charles
River Laboratories (Wilmington, MA) and male Strain 13 (24
animals total) from the USA Army Medical Research Institute of
Infectious Diseases (Fort Detrick, MD) for data collection at 60, 120,
180, 240, 360, and 480 days of age (N¼ 4 animals per time point per
strain). The majority of animals was available directly from the
suppliers at the required ages and euthanized by exposure to
carbon dioxide within 24 h of arrival to the facilities. Hartley and
Strain 13 animals intended for harvest at 180 and 240 days of age,
however, were raised at approved university laboratory animal
facilities until the appropriate time point was reached. Animals
were housed individually in solid bottom cages and allowed
ad libitum water and guinea-pig chow (Harlan Teklad 7006) con-
taining Vitamin C (800 mg/kg) and Vitamin D3 (2.4 IU/g) until
euthanasia was performed. Weight (grams) at time of harvest was
recorded.Table IC
Semi-quantitative immunostaining grading system for knee joints of the guinea
pig27, with modiﬁcations
Score Qualiﬁer DescriptionJoint tissue processing & analysis
Both knees from each animal were evaluated using the scoring
systems described below. Whole knee joints were ﬁxed in 10%
neutral buffered formalin and prepared for histological analysis, as
previously described23e25, with the following modiﬁcations: afterTable IA
Decalciﬁcation protocol for Hartley and Strain 13 guinea pigs collected at speciﬁed
ages
Harvest age Number of days exposed to respective decalciﬁcation solutions
8% formic acid/hydrochloric acid 8% formic acid/acetic acid
60 1 2
120 2 3
180 2 3
240 3 5
360 5 5
480 5 5a monitored period of decalciﬁcation in 8% formic acid/hydro-
chloric acid, joints were cut in half on a coronal plane and further
decalciﬁed in 8% formic acid/acetic acid. Decalciﬁcation was stan-
dardized within harvest age to ensure that adequate processing
was attained with minimal exposure to acidic conditions (Table IA).
Parafﬁn sections (5 mm) were taken from the center of the medial
tibial plateau in each joint and stained with toluidine blue or
subjected to immunostaining, as described below.
Three independent, blinded observers (KSS, SEW, ALB) per-
formed histological grading of serial coronal sections of each knee,
using adapted Mankin criteria based upon characteristic features of
OA in this species24,25. Histological evidence of chondropathy
incorporated: (1) grading of articular cartilage structure from 0 to
8; and (2) grading of proteoglycan loss, as determined by loss of
toluidine blue staining intensity, from 0 to 6 (Table IB). Chondr-
opathy was scored for the medial and lateral tibial plateaus. The
total score for each compartment ranged from 0 (normal) to 14
(severe structural damage and complete loss of toluidine blue
staining), providing a total possible tibial index ranging from 0 to 28.
Intra- and inter-observer variability was negligible (within onePercentage of positive
cells
0 () No visible immunostaining
1 Rare <5% of cells and/or matrix positive
2 Occasional 6e24% of cells and/or matrix
positive
3 Several 25e49% of cells and/or matrix
positive
4 Frequent 50e75% of cells and/or matrix
positive
5 Extensive >75% of cells and/or matrix positive
Intensity of
immunostaining
0 () No visible immunostaining
1 þ Minimal visible immunostaining
2 þþ Moderate visible immunostaining
3 þþþ Marked visible immunostaining
Fig. 1. Schematic representation of the descriptive structures, locations, ROIs, and
zones investigated within individual relevant tissues in whole guinea pig knee joints
examined for IL-1b immunostaining.
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been reported to not diverge between the Hartley and Strain
13 guinea pigs and, therefore, these measures were not included in
the histologic grading scheme24. This study also characterized
meniscal degeneration, as described26: 0¼ homogenous staining
collagen; 1¼mild cleft formation of collagen bundles; and
2¼ several cleft and cyst formation of collage bundles.IHC technique & analysis
IHC was performed on an automated instrument-reagent system,
the Ventana Medical Systems Benchmark XT (Tucson, AZ), according
to manufacturer’s recommendations using the Ultraview Universal
RedAP Systemand a rabbit polyclonal antibody (sc-7884) from Santa
Cruz Biotechnology (Santa Cruz, CA) at a dilution of 1:800. Use of this
machine expedited identiﬁcation of conditions necessary to detect
the epitope of interest while curtailing background, and allowedTable IIA
Median (range provided) OA indices of Hartley and Strain 13 guinea pigs. Signiﬁcant
increases in index values were found within individual strains over time at the
indicated ages (P¼ 0.01)y
Day Hartley Strain 13 P-value
60 0 (0e0) 0 (0e0) NS
120 0 (0e0) 0 (0e0) NS
180 11 (7e15)y 5 (3e8)y P¼ 0.01
240 14 (9e17)y 7 (6e9)y P¼ 0.01
360 11 (10e14)y 7 (2e9)y P¼ 0.01
480 20 (18e24)y 10 (8e13)y P¼ 0.01
Signiﬁcant differences in index values were found between the two strains at 180,
240, 360, and 480 days of age, with P-values indicated (NS¼ not signiﬁcant,
P-value> 0.05).uniform comparisons between and among animals. As per company
datasheets, the primary antibody is speciﬁc for an epitope corre-
sponding to the C-terminus of human IL-1b and is recommended for
detectionof rodent andhumanproteinvia IHConparafﬁn-embedded
tissue. Validation of this primary antibodywith guinea pig tissuewas
conﬁrmed on splenic tissue macrophages. Preliminary studies, as
well as samples tested throughout the study, conﬁrmed that neither
protease-induced nor heat-induced epitope retrieval were necessary
for detection of IL-1b in thesewhole joint tissues. Incubationwith the
primary antibody occurred for 90 min, followed by application of
a proprietary secondary multi-link directed against mouse or rabbit
primary antibodies according to machine speciﬁcations. Exposure to
the secondary antibody, alone, did not result in positive staining.
Several cell types, including skeletal muscle and bone marrow stem
cells and macrophages, frequently showed IL-1b staining and
provided internal positive controls for each section. The tissue
distribution and intensity of IL-1b immunostaining demonstrated
minimal variations within each group (strain and age) examined.
Sections with negligible immunostaining were subjected to antigen
retrieval, as described above, to endorse the absence or reduction
in cytokine detection. Sections were counterstained with hematox-
ylin and viewed by microscopy. A minimum of four sections from
each joint was examined.
The percentage of chondrocytes staining positive for IL-1bwere
assessed by three independent, blinded reviewers (KSS, EP, GN) and
assigned a score of 0e5, as previously described27 (Table IC). In
addition, due to the standardized staining conditions permitted by
instrument-reagent system, a scale of 1e3 was used to gauge the
intensity of immunostaining, with 0¼ no visible staining,
1¼minimal degree of staining, 2¼moderate degree of staining,
and 3¼marked degree of staining. This allowed a total IHC index
ranging from 0 to 8. Intra- and inter-observer variability was
negligible (within one numeric score in all cases).
To substantiate this scoring system, detailed descriptive quali-
ﬁers of the location and intensity of immunostaining in tissues
were recorded (KSS) (Fig. 1; Table IIIAeD).Weight-bearing cartilage
was evaluated according to structure (tibial plateaus and femoral
condyles), location (medial and lateral), regions of interest (ROIs)
within each location (midline, central, axial or abaxial), and carti-
lage zones (superﬁcial, middle, and deep). Synoviumwas evaluated
according to location (medial and lateral) and ROIs within each
location (proximal, mid-joint, and distal). Menisci were evaluated
according to location (medial and lateral), ROIs within each location
(central and axial or abaxial), and meniscal zones (superﬁcial and
deep). Subchondral bone was evaluated according to structure
(tibia and femur) and location (medial or lateral).
Reverse transcription polymerase chain reaction (RT-PCR)
To conﬁrm IHC ﬁndings, one-step RT-PCR using Invitrogen
reagents (Carlsbad, CA) was performed on DNase-treated RNATable IIB
Mean body weight (upper and lower 95% conﬁdence intervals provided) in grams of
Hartley and Strain 13 guinea pigs
Day Hartley Strain 13 P-value
60 524 (509, 541)y 407 (374, 440)y NS
120 815 (542, 1088) 659 (636, 681) NS
180 904 (799, 1008) 790 (691, 889) NS
240 915 (730, 1100) 868 (733, 1002) NS
360 985 (934, 1037) 941 (828, 1054) NS
480 1039 (904, 1174) 970 (768, 1172) NS
Signiﬁcant increases in weight were found within individual strains over time at the
indicated ages (P¼ 0.01y). No signiﬁcant differences in body weight were found
between strains at any of the examined time points (NS¼ not signiﬁcant,
P-value> 0.05).
Table IIIA
Expression of IL-1b in weight-bearing knee cartilage of Hartley & Strain 13 guinea pigs
Age Hartley Strain 13
60 d Several to frequent þ to þþ cells in all zones/ROIs Several to extensive þþ to þþþ cells in all zones/ROIs
120 d Several to extensive þþ cells in all zones/ROIs Medial tibia:  to rare þ cells in all zones of central & axial ROIs
Medial femur:  to rare þ matrix staining in all zones of central & midline ROIs
Lateral tibia:  to rare þ cells/matrix in middle/deep zones of central ROI
Lateral femur: rare þ matrix staining in all zones/ROIs
180 d Several to extensive þ to þþ cells/matrix in all zones/ROIs Medial tibia:  to rare þ cells in middle/deep zones of central ROI
Lateral tibia:  to rare þ cells/matrix in middle/deep zones of central ROI
Femora: rare þ to þ matrix in middle/deep zones of central ROIs
240 d Occasional to several þ to þþ cells/matrix in all zones/ROIs Occasional to several þ to þþ cells/matrix in all zones/ROIs
360 d Medial tibia: occasional to several þþ cells in all
zones of axial & midline ROIs
Occasional to several þ to þþ cells/matrix in all zones of central ROI
Medial femur:  to several þ cells/matrix staining
in all zones of axial & midline ROIs
Lateral tibia: several þþ cells/matrix staining in all
zones of abaxial & midline ROIs; rare þ to þþ cells in
middle/deep zones of central ROI
Lateral femur: occasional þ cells/matrix in superﬁcial/middle
zones of abaxial & midline ROIs
480 d Medial tibia: several to frequent þ to þþ cells in all zones/ROIs
Lateral tibia: occasional þ cells in all zones/ROIs; þþþ matrix in
superﬁcial zones of midline ROIs
Femora: frequent to extensive þþ to þþþ cells/matrix
staining of all zones/ROIs
Medial tibia: several to frequent þ to þþ cells in all zones of all ROIs
Lateral tibia: several to extensive þþ to þþþ cells/matrix in all zones/ROIs
Femora: several to frequent þ to þþ matrix in all zones/ROIs
Medial and lateral tibial plateaus, as well as medial and lateral femoral condyles, were evaluated for immunostaining within midline, central, and axial or abaxial ROIs and
superﬁcial, middle, and deep zones of cartilage.
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of age. Primers speciﬁc for guinea pig IL-1b (forward:
ACGCCTGGTGTTGTCTG; reverse: GGGAACTGAGCGGATTC) and
GAPDH (forward: GTATCGTGGAAGGACTCATGACC; reverse:
GTTGAAGTCACAGGACACAACCT) were purchased from Euroﬁns
MWG Operon (Huntsville, AL), with the latter serving as a positive
control. Universal cycling parameters, as suggested by the manu-
facturer, were employed for cDNA construction and subsequent
ampliﬁcation. Products were run in a 1% agarose gel and visualized
under UV light using ethidium bromide.
Statistical analyses
Total tibial indices for OA and IHC indices for each tissue type
(cartilage, synovium, menisci, and subchondral bone) were
analyzed using the one-way analysis of variance (ANOVA),
KruskaleWallis test, followed by Dunn’s Multiple Comparison post-
hoc test, as previously described28. Weights were analyzed using
one-way ANOVA followed by pairwise comparisons using Tukey’s
95% conﬁdence intervals. These analyses were performed to detect
statistical differences between strains at all time points, as well as
within strain differences at each harvest age. All analyses wereTable IIIB
Expression of IL-1b in knee joint meniscal tissue of Hartley & Strain 13 guinea pigs
Age Hartley
60 d Several to extensive þ to þþ cells/matrix in superﬁcial zones of
120 d Several to extensive þþ cells/matrix in all ROIs
180 d Several to extensive þþ cells in all ROIs
240 d Occasional to several þ to þþ cells/matrix in all ROIs
360 d Several to frequent þþ cells in axial and abaxial ROIs with
occasional þ to þþ cell in central ROI
480 d Medial: occasional þ to þþ cells/matrix in all ROIs
Lateral: occasional þ to þþ cells/matrix in central ROI
Medial and lateral menisci were evaluated for immunostaining in superﬁcial and deepperformed using the Minitab statistical software program (State
College, PA). Statistical signiﬁcance was set at P 0.05.Results
Histological assessment of chondropathy
Total tibial OA indices for both guinea pig strains statistically
increased (P¼ 0.01) from 60 to 480 days of age, similar to that
previously reported24,28 (Table IIA). Signiﬁcant increases (P¼ 0.01)
in index values were found within each individual strain when
transitioning between the 120 and 180 time points and 360 and 480
time points. Signiﬁcant differences (P¼ 0.01) in OA indices were
found between the two strains at 180, 240, 360, and 480 days of age.
Scores assigned to menisci were not signiﬁcantly different
within or between strains at the time points examined (data not
shown).
A signiﬁcantly lower (P¼ 0.01) body weight was found within
each individual guinea strain at 60 days of age relative to the other
timepoints examined.No signiﬁcantdifferences inbodyweightwere
found between strains at any of the investigated ages (Table IIB).Strain 13
all ROIs Frequent to extensive þþ to þþþ cells/matrix in all ROIs
Medial:  in all ROIs
Lateral: rare þ cell/matrix in all ROIs
 in all ROIs
Medial: occasional þ to þþ cells/matrix in central ROI
Lateral: frequent þþ to þþþ cells/matrix in all ROIs
Occasional to several þ to þþ cells/matrix in central ROIs
Occasional to several þ to þþ cells/matrix in all ROIs
zones, as well as central and axial or abaxial ROIs.
Table IIIC
Expression of IL-1b in knee joint synovium of Hartley & Strain 13 guinea pigs
Age Hartley Strain 13
60 d Several to frequent þ to þþ cells/matrix in all ROIs Medial: frequent to extensive þþ to þþþ cells/matrix in all ROIs
Lateral: frequent to extensive þ cells/matrix in all ROIs
120 d Several to frequent þ to þþ cells/matrix in all ROIs  to rare þ cells/matrix in all ROIs
180 d Frequent to extensive þþ to þþþ cells/matrix in all ROIs  in all ROIs
240 d  to occasional þ cells/matrix in mid-joint ROIs Frequent þþ cells/matrix in distal ROIs
360 d Several to frequent þ to þþ cells/matrix in all ROIs Occasional to frequent þ cells/matrix in distal ROIs
480 d Frequent to extensive þþ to þþþ cells/matrix in all ROIs Medial:  to rare þ cell in distal ROIs
Lateral: occasional to several þ to þþ cells/matrix in distal ROIs
Medial and lateral synovium was evaluated for immunostaining in proximal, mid-joint, and distal ROIs.
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Composite summary (Fig. 2)
At 60 days of age, IL-1b expression was detected in all reported
tissues in Hartley and Strain 13 guinea pigs (Fig. 2). IHC indices for
weight-bearing cartilage at this age were higher in Strain
13 animals than Hartley animals. Persistent and statistically
increased (P< 0.05) IL-1b expression in all articular tissues of
interest were found in Hartley guinea pigs at 120 and 180 days of
age, while Strain 13 animals demonstrated a signiﬁcant andmarked
reduction in positive cells and/or matrix at these time points.
Statistical differences in immunostaining indices starting at
240 days of agewere restricted to synovium (days 240 and 480) and
subchondral bone (days 360 and 480), only, while descriptive
differences in cartilage, synovium, menisci, and bone were
elucidated. Pertinent details are provided below for each tissue.
Cartilage (Fig. 3; Table IIIA)
Within Hartley guinea pigs, IHC indices for IL-1b expression in
weight-bearing cartilage of aging animals were persistent and did
not differ at the time points examined (Fig. 3). Within Strain
13 guinea pigs, IHC scores were signiﬁcantly reduced (P¼ 0.01) at
120 and 180 days relative to other harvest ages. RT-PCR results
performed on cartilage samples on days 60,120, and 180 days of age
supported the reported IHC IL-1b protein expression (Fig. 3C).
Temporal changes in IHC scores between strains corresponded
to signiﬁcant differences in positive chondrocyte and/or matrix
staining at 60, 120, and 180 days of age. More speciﬁcally, at 60 days
of age, IL-1b immunostaining in the cartilage of both guinea pig
strains varied in number and intensity, which correlated to statis-
tically increased (P¼ 0.04) total IHC indices in Strain 13 animals
relative to Hartley animals (Table IIIA; Fig. 3A). On 120 and 180 days
of age, Hartley guinea pigs continued to demonstrate several to
extensive (25e100%), minimally to moderately positive cells and/or
matrix in all cartilage zones throughout all regions of cartilage,
which corresponded to a signiﬁcant increase (P¼ 0.01) in IHC
indices relative to the control strain. In comparison, IL-1b expres-
sion in the Strain 13 animals at these same two time points was
represented by either negative staining or rare (<5%), minimally
positive cells and/or matrix that were observed only in the middle
and deep zones of the central regions of tibiae and femora.Table IIID
Expression of IL-1b in subchondral bone of knee joints of Hartley & Strain 13 guinea pig
Age Hartley
60 d Several to frequent þ to þþ matrix in all ROIs
120 d Several þ to þþ cells/matrix in all ROIs
180 d Several to frequent þþ cells/matrix in all ROIs
240 d Tibia: occasional to several þ matrix in all ROIs
Femur: occasional þ matrix in all ROIs
360 d  to rare þ matrix in all ROIs
480 d  to occasional þ matrix in all ROIs
Tibial and femoral subchondral bones were evaluated for immunostaining in medial orAlthough differences in IHC score were not detected between
Hartley and Strain 13 guinea pigs at 240, 360, and 480 days of age,
descriptive regional differences in cartilage IL-1b immunostaining
were discerned at the latter time points (Fig. 2; Table IIIA). By 360
days of age, for example, immunostaining in Hartley guinea pigs
was restricted to the midline and axial or abaxial regions, with
absent to rare (<5%), minimally to moderately positive cells in
middle and deep zones of central ROIs. At this same age, occasional
to several (6e49%), minimally to moderately positive cells and/or
matrix in cartilage of Strain 13 animals were present only in central
regions. Differences in immunostaining were also noted in the
lateral tibiae of guinea pigs at 480 days of age, where Hartley
animals showed occasional (6e24%), minimally positive cells in all
cartilage zones, but several (25e49%), markedly positive matrices
were present in the superﬁcial zones of midline ROIs. Strain 13
animals, on the other hand, demonstrated several to extensive
(25e100%), moderately to markedly positive cells/matrix in all
zones and regions of lateral tibiae.
Menisci (Fig. 4; Table IIIB)
In general, IL-1b expression patterns for meniscal tissue were
similar to that of weight-bearing articular cartilage. IHC indices for
IL-1b expression of aging Hartley guinea pigs were not statistically
different at the within-strain time points investigated (Fig. 4).
Signiﬁcant decreases (P¼ 0.01) in index values were found within
aging Strain 13 animals over time at 120 and 180 days of age.
Signiﬁcant increases in positive cells and/or matrix staining were
noted in Hartley animals relative to Strain 13 animals at 120 and
180 days of age (P¼ 0.01).
While statistical differences in IHC scoring were not present at
later time points, note-worthy descriptive differences were found
between the two guinea pig strains at 360 and 480 days of age
(Table IIIB). Meniscal tissue of Hartley animals at 360 days of age
had several to frequent (25e75%), moderately positive cells in axial
and abaxial ROIs, with only occasional (6e24%), minimally to
moderately positive cells in central ROIs. Strain 13 animals at this
same age, however, had occasional to several (6e49%), minimally to
moderately positive cells and/or matrix in central regions of both
menisci, only. At 480 days of age, Hartley guinea pigs had occasional
(6e24%), minimally to moderately positive cells and/or matrix in
bothmedial and central, and central only, ROIs in medial and laterals
Strain 13
Several to frequent þ to þþ cells/matrix in all ROIs
 in all ROIs
 to rare þ matrix in all ROIs
Several to frequent þ to þþ cells/matrix in all ROIs
Occasional to several þ to þþ cells/matrix in all ROIs
Occasional to several þ to þþ cells/matrix in all ROIs
lateral regions of interest.
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Fig. 2. Composite summary of IL-1b IHC indices assigned to weight-bearing cartilage, syovium, menisci, and subchondral bone of Hartley and Strain 13 guinea pigs at indicated ages.
Signiﬁcant increases (P< 0.05) in immunostaining that were found between strains are indicated by asterisks on relevant tissues.
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contained occasional to several (6e50%), minimally to moderately
positive cells and/or matrix in all ROIs.
Synovium (Fig. 5; Table IIIC)
IHC indices for IL-1b expression in synovium of aging Hartley
guinea pigs were statistically decreased (P¼ 0.01) at 240 days of
age relative to the other time points examined within this strain
(Fig. 5). Signiﬁcant decreases (P¼ 0.01) in index values were found
within aging Strain 13 animals at 120 and 180 days of age compared
to other harvest days. Signiﬁcant differences (P 0.02) in positive
cells and/or matrix staining were noted in Hartley animals relative
to Strain 13 animals at 120, 180, 240, and 480 days of age.
At 240 days of age, descriptive and statistically signiﬁcant
increases (P¼ 0.01) in synovial IHC indices were seen in Strain
13 guinea pigs relative to their Hartley counterparts, where IL-1b
was absent or was detected occasionally (6e24%) in minimally
positive cells and/ormatrix inmid-joint ROIs (Table IIIC). In Strain 13
animals, however, IL-1b immunostaining showed frequent
(50e75%), moderately positive cells and/or matrix in distal ROIs.
At 360 and 480 days of age, descriptive differences were, again,
noted between Hartley and Strain 13 guinea pigs. Hartley animals
exhibited several to frequent (25e75%), minimally to moderately
positive cells and/or matrix in all ROIs at 360 days, which increased
from frequent to extensive (50e100%), moderately to markedly
positive cells and/or matrix by 480 days of age. Synovium of Strain
13 animals showed occasional to frequent (6e75%), minimally
positive cells and/or matrix in distal ROIs, only, at 360 days of age.
Further, by 480 days of age, all regions of themedial synoviumwere
absent of immunostaining or contained, at most, rare (<5%),
minimally positive cells. The lateral synovium of the oldest Strain
13 animals maintained occasional to several (6e49%), minimally to
moderately positive numbers of cells/matrix in distal ROIs. Impor-
tantly, these divergences translated to a statistical increase
(P¼ 0.02) in IHC scoring seen with Hartley animals compared to
Strain 13 guinea pigs at 480 days of age.Subchondral bone (Fig. 6; Table IIID)
IHC indices for IL-1b expression in subchondral bone of aging
Hartley guinea pigs were statistically decreased (P¼ 0.01) at
360 days of age relative to the other time points investigatedwithin
this strain (Fig. 6). Signiﬁcant decreases (P¼ 0.01) in index values
were found within Strain 13 animals over time at 120 and 180 days
of age. Signiﬁcant differences (P 0.04) in positive cells and/or
matrix staining were noted in Hartley animals relative to Strain
13 animals at 120, 180, 360, and 480 days of age.
Starting at 240 days of age, positive immunostaining was
detected only in the matrix of subchondral bone in Hartley
animals. At this age, these animals showed occasional to several
(6e50%), minimally positive matrix in the tibiae, as well as occa-
sional (6e24%) positive matrix in the femora (Table IIID). IL-1b
expression descriptively and statistically decreased (P 0.04)
relative to Strain 13 animals at 360 and 480 days of age, where
matrix immunostaining was absent to occasional (0e24%), and of
minimal intensity, in all ROIs. Strain 13 animals, on the other hand,
had several to frequent (25e75%) numbers of minimally to
moderately positive cells and/or matrix present in all ROIs at
240 days of age. On days 360 and 480 days of age, IL-1b immu-
nostaining continued, with occasional to several (6e49%) cells
and/or matrix demonstrating minimal to moderately positive
staining intensity.
Discussion
To the authors’ knowledge, this is the ﬁrst study to describe
localization of IL-1b within whole joints and associated relevant
articular tissues from divergent guinea pig strains that develop
varying degrees of naturally-occurring OA. Interestingly, the timing
of enduring IL-1b levels in Hartley animals relative to Strain
13 animals at 120 and 180 days of age appeared to coincidewith the
onset of OA in the former strain. Given that these ages are associ-
ated with attainment of skeletal maturity in this species, we
postulate that IL-1b plays a role in normal growth and development
Fig. 3. Median (range provided) IHC indices (A) and corresponding photomicrographs (measure bar¼ 40 mm) demonstrating signiﬁcant differences (B) for IL-1b expression in
weight-bearing knee cartilage of Hartley and Strain 13 guinea pigs. RT-PCR results (C) performed on cartilage samples on days 60, 120, and 180 days of age conﬁrmed the reported
IHC IL-1b protein expression. Within strain IHC indices for Hartley guinea pigs were not statistically different at the time points investigated. Signiﬁcant decreases in index values
were found within Strain 13 animals over time at 120 and 180 days of age (P¼ 0.01y). Signiﬁcant differences in positive cells and/or matrix staining were noted between the two
strains at 60, 120, 180 days of age, as indicated (NS¼ not signiﬁcant, P> 0.05).
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relative to the control strain, resulting in persistent expression of
a mediator strongly associated with OA. Indeed, collagenase
cleavage and disruption of the type II collagen network occur early
in the Hartley guinea pigmodel, preceding even histologic evidence
of disease28. Further, in a model of developing bone and cartilage in
human osteophytes, IL-1b mRNA expression was transient and
restricted to active osteoblasts within distinct areas of intra-
membraneous ossiﬁcation29. This emphasizes the strict control
under which this cytokine exists in joint-related tissue and the
importance of negative regulatory processes.
Although these ﬁndings cannot conﬁrm a cause-and-effect
relationship between IL-1b expression and OA, our study demon-
strates a window when targeted cytokine reduction and/or
blockade may explicate such a correlation and help identify
mechanistic components. Additionally, this enduring IL-1b
expression provides potential groundwork from which down-
stream or correlative offending mediators, as well as the processes
of cell death and apoptosis, can be identiﬁed and studied. Because
OA is a multi-factorial process that requires intricate interactions of
several key biochemical and mechanical players, this manuscript isintended to provide a base from which other mediators implicated
in OA can be investigated and correlated. Our laboratory is
completing work related to microRNA-155 (miR-155), a molecule
that has been shown to directly modulate interleukin-1 signaling in
human monocyte-derived dendritic cells30. Using the human miR-
155 sequence, we have been able to detect the precursor and
mature forms of this small RNA in joint tissue of both guinea pig
models and are currently characterizing a potential relationship
between this molecule, IL-1b expression patterns, and release
of other degradative molecules such as metalloproteinases
(Santangelo et al., unpublished data).
In addition to statistical differences in IHC scoring for IL-1b,
equally intriguing descriptive differences were also detected
between guinea pig strains. In particular, a divergence in immu-
nostaining was found in weight-bearing cartilage at 360 days of
age, where the OA-affected Hartley guinea pigs showed positive
staining cells within the midline and axial or abaxial ROIs,
whereas the less affected Strain 13 animals had positive staining
limited to central regions. Meniscal tissue at this same time point
mirrored cartilage data. On 360 days of age, synovial IL-1b in
Hartley guinea pigs was found throughout all ROIs; in Strain
Fig. 4. Median (range provided) IHC indices (A) and corresponding photomicrographs
(measure bar¼ 40 mm) demonstrating signiﬁcant differences (B) for IL-1b expression
in menisci of Hartley and Strain 13 guinea pigs. Within strain IHC indices for Hartley
guinea pigs were not statistically different at the time points investigated. Signiﬁcant
decreases in index values were found within Strain 13 animals over time at 120 and
180 days of age (P¼ 0.01y). Signiﬁcant increases in positive cells and/or matrix staining
were noted in Hartley animals relative to Strain 13 animals at 120 and 180 days of age,
as indicated (NS¼ not signiﬁcant, P> 0.05).
Fig. 5. Median (range provided) IHC indices (A) and corresponding photomicrographs
(measure bar¼ 40 mm) demonstrating signiﬁcant differences (B) for IL-1b expression
in synovium of knee joints of Hartley and Strain 13 guinea pigs. IHC indices for Hartley
guinea pigs were statistically decreased at 240 days of age relative to the other time
points investigated. Signiﬁcant decreases in index values were found within Strain 13
animals over time at 120 and 180 days of age (P¼ 0.01y). Signiﬁcant differences in
positive cells and/or matrix staining were noted in Hartley animals relative to Strain 13
animals at 120, 180, 240, and 480 days of age, as indicated (NS¼ not signiﬁcant,
P> 0.05).
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matrix present in distal regions afﬁliated with the tibiae. Further,
at 480 days of age, it would be interesting to determine if the
greater synovial immunostaining in Hartley animals is directly
associated with cytokine-mediated inﬂammation related to the
statistically relevant increase in histologic disease progression. It is
worthwhile to note that inﬁltrating inﬂammatory cells were not
identiﬁed in synovium, suggesting that soluble factors such as IL-
1b serve as primary niduses for tissue reactivity. Finally, IL-1b in
the subchondral bone of Hartley guinea pigs was found only in
matrix after 240 days of age, while both cells and matrix of Strain
13 animals contributed to IHC scores. Given that thickening of
subchondral bone has been shown to coincide with cartilage
degeneration in the Hartley guinea pig24,31, this latter ﬁnding may
be of particular concern in events preceding onset of OA. Again,
the relevance of these variations can only be hypothesized at this
stage, but future investigations are likely to reveal germane
information.
Serum cytokines and chemokines harvested from Hartley and
Strain 13 animals at 1 year of age did not show a statistical
difference of circulating IL-1b between strains, although this
ﬁnding may have been attributed to the inherent lability of the
cytokine32. IL-1b concentration in synovial ﬂuid from primary
joints of interest is unknown. Several published methods for
arthrocentesis of guinea pig joints24,33 were attempted during
the course of the current study. We were interested to determine
if synovial ﬂuid levels were indicative of tissue levels, particularly
in regards to the synovium at 480 days of age, where Hartley
guinea pigs showed a signiﬁcant increase in IHC scoring relative
to Strain 13 animals. Low sample volume and lack ofnormalization parameters to correct for dilution during collec-
tion, however, precluded this analysis from complementing our
tissue data.
In summary, histologic OA proceeded in an accelerated
manner as expected in the OA-prone Hartley guinea pig relative
to the Strain 13 guinea pig. Given that the OA-prone strain did
not demonstrate reduced IL-1b during achievement of adult
maturity as in the control strain, this aberrant expression may
correlate to early incidence of OA. This persistent IL-1b expression
is perhaps most signiﬁcant in the weight-bearing articular carti-
lage in locations known to demonstrate OA, but also occurred in
synovium, meniscus and subchondral bone. This temporal study
provided evidence that IL-1b is a biomarker relevant to the
development and progression of OA, and that future studies to
Fig. 6. Median (range provided) IHC indices (A) and corresponding photomicrographs
(measure bar¼ 40 mm) demonstrating signiﬁcant differences (B) for IL-1b expression
subchondral bone of Hartley and Strain 13 guinea pigs. Within strain IHC indices for
Hartley guinea pigs were statistically decreased at 360 days of age relative to the other
time points investigated (P¼ 0.01y). Signiﬁcant decreases in index values were found
within Strain 13 animals over time at 120 and 180 days of age (P¼ 0.01y). Signiﬁcant
differences in positive cells and/or matrix staining were noted in Hartley animals
relative to Strain 13 animals at 120, 180, 360, and 480 days of age, as indicated
(NS¼ not signiﬁcant, P> 0.05).
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may provide evidence of its contribution to premature onset of
spontaneous OA.
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